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Abstract 
The Suns-Voc characterisation technique, introduced by Sinton and Cuevas in the 1990s, measures the light intensity 
(in Suns) versus the quasi-steady-state open-circuit voltage (Voc) of the solar cell under test. The commercially 
available Suns-Voc tester is limited to sample sizes of about 1515 cm2. In this work, a Suns-Voc tester capable of 
measuring samples with a size of up to 25×35 cm2 is introduced and tested. A good uniformity of the light intensity 
over the 25×35 cm2 area is realised using transparent plastic foils onto which appropriate dot patterns were printed. 
The optical transmission of these filters is measured and the results are shown to be similar to those of commercial 
neutral density filters, for the wavelength range 400-1100 nm. The 1-Sun and 0.1-Sun light intensity non-uniformities 
are determined via measurements of the short-circuit current of a calibrated silicon wafer solar cell and are found to 
be about 3%. We then demonstrate the capabilities of the tester using a large-area polycrystalline silicon thin-film 
solar cell on glass. 
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1. Introduction 
The Suns-Voc characterisation technique for solar cells was introduced by Sinton and Cuevas in the 
1990s [1] and is now widely used in the photovoltaic (PV) community, in particular for the optimisation 
of silicon wafer solar cells. The method has also been applied to silicon thin-film solar cells. For example, 
in Ref. [2] the method was used to optimise the rapid thermal annealing (RTA) and hydrogen passivation 
steps in the fabrication of polycrystalline silicon (poly-Si) thin-film solar cells. 
 
The Suns-Voc method uses a light flash from a Xenon lamp. It is based on simultaneously measuring 
the decreasing light intensity (using a separate light sensor calibrated in Suns) and the quasi-steady-state 
open-circuit voltage (Voc) of the solar cell under test. By this method, the pseudo I-V curve and pseudo 
fill-factor can be obtained. The method has two main advantages. First, the cell’s series resistance has no 
impact on the measured voltages. As a result, the 1-Sun Voc of a solar cell can be measured before the 
metallisation process. This helps to optimise the processes prior to the metallisation step. Second, the 
measurement is fast (< 2 seconds). Hence, the measurement can be done quickly and, most importantly, 
there is negligible heating of the sample due to the light pulse (note that the Voc of a crystalline silicon cell 
reduces by about 2.2 mV for every one degree Celsius increase of the cell temperature). 
 
However, this method is not without its shortcomings. There are two main sources of error. First, there 
is a mismatch between the flash light spectrum (xenon-based lamp) and the AM1.5G solar spectrum. The 
flash light has spikes of intensity in the wavelength range 800-1000 nm. Second, the light intensity in the 
measurement plane is spatially non-uniform, whereby it is usually highest in the centre of the plane. In the 
study of Roth et al. [3], the Voc errors were up to 2 mV due to the spatial non-uniformity of the flash light 
over an area of 1616 cm2 and up to 5.5 mV due to the spectral mismatch. Third, the high contact 
resistance when probing unmetallised solar cell samples could cause significant measurement errors when 
using pulsed illumination. 
 
For thin-film solar cells, one way to drive down the manufacturing cost is to scale up the process, 
producing larger-area solar cells. As such, the need exists to measure large-area samples with a Suns-Voc 
tester. In this paper, a Suns-Voc tester capable of measuring samples with a size of up to 25×35 cm2 is 
introduced. We demonstrate the tester’s capabilities using 2020 cm2 unmetallised poly-Si thin-film solar 
cells on borosilicate glass (Schott, Borofloat33). 
2. Experiment 
2.1. Design of the Suns-Voc tester  
The main application of the designed tester is for thin-film solar cells on glass superstrates. In 
superstrate configuration, the light enters the solar cells through the glass sheet in front of the solar cells. 
To simplify the probing of the samples, we decided to use a bottom-up approach for the flash light (i.e., 
light shining upwards). The flash lamp setup has a flash filter (described below in more detail), two 
diffusers and a wide-angle diffuser mounted on it (flash lamp QUANTUM Qflash QFT5d-R, diffuser 
QF64, wide-angle diffuser QF67A). Especially when contacting metallised samples, a careful placement 
of the probes is important because applying excessive force will shunt the solar cell. A schematic drawing 
of the designed Suns-Voc tester is shown in Fig. 1. 
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Fig. 1. Schematic drawing of the developed large-area Suns-Voc tester. The flash lamp is located at the bottom and 
shines upwards. The light passes through a glass stage and then through the front glass (superstrate) of the thin-film 
solar cell. Contacting of the solar cell occurs from the top. Also shown is the unity-gain buffer amplifier. 
The second design consideration is linked to the high contact resistance when probing unmetallised 
solar cell samples. The high contact resistance of the metal tips probing the semiconductor can cause 
significant measurement errors when using pulsed illumination. This is because a resistor-capacitor (RC) 
element is formed by the contact resistance and the parasitic external capacitance [4]. This problem can 
be solved by using a buffer amplifier with unity gain that ideally provides infinite input impedance and 
low output impedance. In our tester, we use the TL071CN amplifier. 
 
The third design consideration is the spatial uniformity of the light intensity that falls onto the stage 
that holds the solar cell. A good uniformity of the light intensity over an area of 25×35 cm2 is realised 
using transparent plastic foils (3M, model PP2900) onto which appropriate dot patterns were printed by 
us. The printed dot patterns on the plastic foils act as light intensity filters. The final filter design consists 
of 25 individual filters of equal size, arranged in a 5×5 matrix. Each individual filter has an area of 5×7 
cm2 and has its specific dot pattern. The dot patterns were generated using a commercial office software 
(Microsoft Word). Regions with high light intensities receive filters with a high density of dots, to bring 
down the light intensity and thereby creating a more uniform intensity in the measurement plane. These 
filters are placed on top of the glass stage. Furthermore, a flash filter with a fixed density of dots was put 
directly in front of the flash lamp, together with two diffusers and a wide-angle diffuser to further diffuse 
the flash light. The measured optical transmissions of the filters without (blank) and with dot patterns are 
shown in Fig. 2. The transmission datasheet of a commercial neutral density filter (Thor Labs, ND02B) is 
also shown for comparison. As can be seen, for wavelengths from 400 to 1100 nm, the transmission 
profiles of the 10% and 20% dot pattern filters are similar to those of the commercial neutral density 
filters. However, the transmission of the plastic foils quickly drops to zero for wavelengths below 400 
nm. This introduces an additional spectrum-related measurement error, however, this error is not further 
analysed in this paper. 
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Fig. 2. Measured optical transmissions of the plastic foil without (blank) and with three different dot patterns (see Fig. 
1). The dot patterns are shown as insets. The dot patterns were made with the Microsoft Word software (pattern fill 
function, using values of 10, 20 and 30%). The measured transmission of a commercial neutral density filter (ND02B 
from Thor Labs) is also shown (solid line). 
2.2. Uniformity of light intensity in measurement plane 
The light intensity falling onto each grid segment of the measurement plane was measured using a 
calibrated silicon wafer reference solar cell with an area of approximately 1.0 cm2. We assumed that the 
light intensity scales linearly with the measured short-circuit current. The short-circuit current was 
measured by passing it through a 1  resistor and measuring the voltage drop across the resistor. To 
improve the measurement accuracy, the voltage drop was amplified using a gain amplifier. The measured 
light intensity of each grid segment was then normalised to highest measured light intensity. Figure 3 
shows the measured spatial distribution of the flash light intensity over an area of 25×35 cm2 in the 
measurement plane, for an intensity of approximately 1 Sun (1000 W/m2) and 0.1 Sun when (a) no filters 
were used and (b) filters were used. The spatial non-uniformity was quantified using a standard published 
by the International Electrotechnical Commission [5]: 
max min
max min
irradiance irradianceNon uniformity
irradiance irradiance
 
    
                                              (1) 
Using Eq. (1), the spatial non-uniformity of the light intensity when using the filters was found to be 
3% for both 1-Sun and 0.1-Sun illumination intensity. When no filters were used, the non-uniformity was 
8% for both 1 and 0.1 Sun intensity. The improvement from 8% to 3% shows that the filters are working 
well to suppress areas with higher light intensity. It is also worth to note that without the flash filter and 
the diffusers in front of the flash, the non-uniformity is worse than 8%. Considering that the open-circuit 
voltage of a p-n junction solar cell is proportional to the logarithm of the short-circuit current, the non-
uniformity of Voc will be much lower compared to the non-uniformity of the light intensity. Using a small 
Si wafer solar cell, the Voc from 13 grid segments (out of a total of 25 grid segments) was measured and 
found to vary by at most  1 mV from the average value. This confirms that the light intensity non-
uniformity of 3% is fully sufficient for the targeted application of the tester. 
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                                               (a)                                                                                        (b)     
Fig. 3.  Measured 1-Sun and 0.1-Sun light intensity distribution over an area of 25×35 cm2 in the measurement plane. 
The intensity in each grid segment (5×7 cm2) was normalised to the highest measured light intensity. (a) Without 
filters; (b) with filters.  
2.3. Demonstration of the capabilities of the tester 
The investigated poly-Si thin-film solar cell was made at SERIS. An approximately 2 µm thick a-Si:H 
precursor diode was deposited by PECVD onto a 3.3 mm thick planar borosilicate glass sheet with a size 
of 30×40 cm2, followed by solid phase crystallization (SPC) to form a polycrystalline diode. The resulting 
sample structure was: Glass (planar) / 70 nm SiN / 100 nm n+ Si / 2 µm p- Si / 100 nm p+ Si. The sample 
was then heated to above 900 °C for a short period of time (rapid thermal annealing, RTA) to activate the 
dopants and anneal crystal defects. The 3040 cm2 glass sheet was then cut to a size of 20×20 cm2, as the 
currently used process is optimised for 2020 cm2 sample size. Then the sample was hydrogenated to 
passivate a large fraction of the remaining defects, using an AK800 tool from Roth and Rau, Germany. 
The hydrogen plasma was generated by two linear microwave plasma sources. Then, the four corners of 
the sample were wet-chemically etched using a H2O/HF/HNO3 solution, to create a sloped profile and 
thereby exposing the buried n+ layer. Then, 1-Sun Voc measurements were performed by measuring 20 
different points on the sample for each of the 4 corners of n+ contacts. The variations due to different n+ 
contacts were found to be at most  1 mV. 
 
The results of the 1-Sun Voc measurements on sample BAS4-12B after hydrogenation are shown in 
Fig. 4. The Voc value shown for each grid segment is the average of the Voc values obtained by 
sequentially probing each of the four exposed corner regions of the sample with the second contact 
needle.  The overall average Voc of the sample was found to be 471 mV, with standard deviation of 4 mV. 
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The non-uniformity of the 1-Sun Voc of the sample was calculated using Eq. (1), by replacing the 
irradiance with Voc. The non-uniformity was found to be 1.7%. The entire voltage measurements for the 
2020 cm2 sample took less than 5 minutes. The Suns-Voc method and the developed tester are thus well 
suited for the process optimisation of poly-Si thin-film solar cells. 
 
 
Fig. 4. Measured 1-Sun Voc distribution of sample BAS4-12B after hydrogenation. The sample size is 20×20 cm2. 
3. Conclusions 
In this paper, we have shown that the Suns-Voc setup can be scaled up to an area of 25×35 cm2, while 
still maintaining good spatial uniformity of the light intensity. The filters improved the spatial non-
uniformities of the 1-Sun and 0.1-Sun light intensities from 8% to 3%. The Voc at 13 grid segments (out 
of a total of 25 grid segments) was measured using a small Si wafer solar cell and was found to vary at 
most by  1 mV from the average value. The method used to achieve good light intensity uniformity is 
scalable and inexpensive. The transmission profiles of the filters printed by us were found to be similar to 
those of commercial filters, for the wavelength range of 400-1000 nm. 
 
The capabilities of the tester were demonstrated using a 2020 cm2 unmetallised poly-Si thin-film 
solar cell on glass. The average 1-Sun Voc was found to be 471 mV, with a standard deviation of 4 mV 
and a non-uniformity of 1.7%. This demonstrates that the tester is well suited for process optimisation 
studies on poly-Si thin-film solar cells. 
 
The tester can possibly be improved further by reducing the spectral mismatch to the AM1.5G solar 
spectrum. One area of concern is the intensity spikes in the 800-1000 nm range, which can possibly be 
eliminated using infrared filters. 
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